Phosphate load accelerates the progression of secondary hyperparathyroidism (sHPT). In advanced stages of sHPT, there is a marked hyperplasia and resistance to classical regulatory endocrine factors such as calcium, calcitriol, or fibroblast growth factor 23 (FGF23), which suppresses PTH secretion by an ERK-dependent mechanism. Nephrectomized rats were fed with a high-or normal-phosphorus diet for different periods of time to induce sHPT. Biochemical parameters, parathyroid gland microarrays, quantitative real-time PCR, and immunohistochemistry (ERK/phospho-ERK) were performed. To test the role of dual-specificity phosphatases (Dusp) on parathyroid gland regulation, normal parathyroid glands were cultured with FGF23 and Dusp. Uremic rats fed with a high-phosphorus diet showed more severe sHPT, higher serum FGF23 levels and mortality, and decreased parathyroid Klotho gene expression. In all stages of sHPT, parathyroid microarrays displayed a widespread gene expression down-regulation; only a few genes were overexpressed, among them, Dusp5 and -6. In very severe sHPT, a significant reduction in phospho-ERK (the target of Dusp) and a significant increase of Dusp5 and -6 gene expression were observed. In ex vivo experiments with parathyroid glands, Dusp partially blocked the effect of FGF23 on PTH secretion, suggesting that Dusp might play a role in parathyroid regulation. The overexpression of Dusp and the inactivation of ERK found in the in vivo studies together with the ex vivo results might be indicative of the defense mechanism triggered to counteract hyperplasia, a mechanism that can also contribute to the resistance to the effect of FGF23 on parathyroid gland observed in advanced forms of chronic kidney disease. (Endocrinology 153: 1627-1637, 2012) H yperplasia of the parathyroid glands is a common finding in patients with chronic kidney disease (CKD) and contributes to dysregulate the mineral balance. Excess of dietary phosphate accelerates the progression of secondary hyperparathyroidism (sHPT) (1) and increases vascular calcification as well (2, 3). In mild and early stages of CKD, parathyroid hyperplasia is at least partly reversible (4 -6); in advanced and late stages, the enlarged parathyroid glands do not respond adequately to increments in serum calcium, high doses of active vitamin D, or high levels of fibroblast growth factor 23 (FGF23) due to several abnormalities in nucleic acid stability and repair (7). The uremic parathyroid glands also show decreased expression of the calcium-sensing receptor (CaSR), the vitamin D receptor (VDR), Klotho, and the FGF receptor 1, leading to a parathyroid resistance to their current endocrine regulatory factors (8 -10).
H
yperplasia of the parathyroid glands is a common finding in patients with chronic kidney disease (CKD) and contributes to dysregulate the mineral balance. Excess of dietary phosphate accelerates the progression of secondary hyperparathyroidism (sHPT) (1) and increases vascular calcification as well (2, 3) . In mild and early stages of CKD, parathyroid hyperplasia is at least partly reversible (4 -6); in advanced and late stages, the enlarged parathyroid glands do not respond adequately to increments in serum calcium, high doses of active vitamin D, or high levels of fibroblast growth factor 23 (FGF23) due to several abnormalities in nucleic acid stability and repair (7) . The uremic parathyroid glands also show decreased expression of the calcium-sensing receptor (CaSR), the vitamin D receptor (VDR), Klotho, and the FGF receptor 1, leading to a parathyroid resistance to their current endocrine regulatory factors (8 -10) .
In addition to the well-known role of calcium and calcitriol in the kidney-bone-parathyroid axis, it has been demonstrated that FGF23 suppresses PTH secretion by activating the ERK/MAPK pathway in the parathyroid glands (9) . However, in sHPT, the inhibitory effect of FGF23 on PTH synthesis is not observed (9, 11) . The absence of FGF23 inhibition of PTH synthesis has been recently associated with the low levels of Klotho/FGF receptor 1 found in parathyroid glands from uremic patients or animals (10, 12) .
The present experimental study was designed to assess parathyroid hyperplasia secondary to CKD, by analyzing the gene expression profile changes across different stages of hyperparathyroidism. In addition, we also aimed to elucidate functionally whether regulators of MAPK signaling might play a role in the FGF23 signaling in the parathyroid glands.
Materials and Methods

Animal model
The study was performed in 4-month-old male Wistar rats. The initial number of rats, including the rats that did not finish the study, was 111. Rats were anesthetized using methoxyflurane, and chronic renal failure was induced by surgical seven eighths nephrectomy (13) . The nephrectomized rats were subsequently divided into two groups: group 1 was fed with an normal-phosphorus diet (NPD: 0.6% phosphorus, 0.6% calcium, and 20% protein content), and group 2 was fed with a high-phosphorus diet (HPD: 0.9% phosphorus, 0.6% calcium, and 20% protein content) (Panlab, Barcelona, Spain). Rats were housed in wire cages and received diet and water ad libitum.
Five rats from the HPD and NPD groups were killed by heart-puncture exsanguination after 4, 8, 12, 16 , and 20 wk of follow-up. When the rats were killed, blood samples and parathyroid glands were obtained (14) . An additional group of rats without nephrectomy was fed with an NPD for 20 wk and used as the reference group (n ϭ 9). The total number of groups studied was 11.
Because the aim of the present study was to investigate parathyroid gland regulation across different stages of hyperparathyroidism, we decided to use PTH values and HPD exposure as the main parameters to form the three groups of study: moderate sHPT, which included rats from the all NPD subgroups showing serum PTH values below 150 pg/ml; moderate-severe sHPT, which included rats from the HPD subgroups from wk 4, 8, and 12 showing values between 151 and 1000 pg/ml; and very severe sHPT, which included rats from the HPD subgroups from wk 16 and 20 showing values above 1001 pg/ml. Thus, 59 rats were used and distributed as follows: moderate sHPT, 25 rats; moderate/severe sHPT, 15 rats; very severe sHPT, 10 rats; and reference group, nine rats. This strategy was also used to analyze and compare the rest of the parameters.
The Laboratory Animal Ethics Committee of the Universidad de Oviedo approved this protocol.
Biochemical markers
Serum was separated from blood samples by centrifugation at 4000 rpm at 4 C. Serum urea, creatinine, calcium, and phosphorus were measured using a multichannel Auto Analyzer (Hitachi 717, Boehringer Mannheim, Berlin, Germany) following the manufacturer's protocol. Serum PTH was measured using an immunoradiometric rat PTH assay with a specific chicken anti-PTH antibody, following the manufacturer's protocol (Immutopics, San Juan Capistrano, CA) (normal range, 10 -30 pg/dl). Serum FGF23 was measured using an ELISA following the manufacturer's protocol (60-6300; Immutopics) (normal ranges, 800-1000 pg/ml).
Gene expression microarrays
The parathyroid glands (one per rat) from each subgroup were pooled and homogenized (Ultraturrax, OmniHT, Kennesaw, GA) in TRI reagent (Sigma-Aldrich, St. Louis, MO). Total RNA was extracted and purified using an RNeasy Kit (QIAGEN Inc., Valencia, CA). RNA integrity was checked using agaroseformaldehyde gels, and RNA concentration was measured using a VIS-UV spectrophotometer (Nanodrop Tech., Wilmington, DE). cDNA was synthesized with a High Capacity kit (Applied Biosystems, Foster City, CA), and hybridized to one Affy RAE_230 cDNA microarray (Affymetrix, Santa Clara, CA) following the required quality controls and the manufacturer's protocol. The array included all rat genes (31,099 probes per array). As a result of the pooling, we obtained one array per each of the 11 subgroups, and we formed the groups following the criteria explained above.
To analyze the raw datasets, data were logarithmically transformed and normalized using the PerfectMatch/MisMatch method (dChip) (15) , with the reference group as baseline comparator. After the normalization and expression modeling of the raw data, we followed a two-step process. In the first step, to investigate specific differences among the samples in selected genes, hierarchical clusters were built using the Euclidean-Centroid Linkage method. Two types of clusters were built: 1) unsupervised clusters, in which all genes were included to investigate general differences in the pattern of expression among the samples, and 2) supervised clusters, in which specific genes grouped by ontology terms (obtained from the Kyoto Encyclopedia of Genes and Genomes) were included. In the second step, different comparisons were performed (moderate vs. very severe sHPT, moderate vs. moderate-severe sHPT, and moderate-severe vs. very severe sHPT) using ANOVA and Student's t tests depending on the comparisons. Afterward, a fold change was adjudicated using a false discovery rate algorithm to avoid false positives. Only the probes with fold changes more thanϩ2 or less than Ϫ2 were selected.
Reverse Transcription Quantitative PCR (RT-qPCR)
Genes of interest selected from the microarrays were validated by RT-qPCR (ABI Prism 7000, Applied Biosystems), using TaqMan predeveloped assays: Dusp6 (Rn_00518185_m1) and Dusp5 (Rn_0683448_m1). In addition, other genes related to sHPT such as Pth (Rn00566882_m1), Casr (Rn 00566496_m1), Klotho (Rn00580132_m1), and Vdr (Rn00566976_m1) were analyzed. As endogenous control, 18s (eukaryotic 18s rRNA endogenous control reagent; Applied Biosystems) and Gapdh (Rn99999916_m1) were used.
Immunohistochemistry
The presence of ERK and phospho-ERK (pERK) in parathyroid tissue was also determined by immunohistochemistry in 5-m-thick serial sections from paraffin-embedded parathyroid glands using specific antibodies (Cell Signaling Technology Inc., Danvers, MA; item nos. 9106 and 9102, respectively) and hematoxylin counterstaining (HistoStainPlus IHC detection Kit; Invitrogen for Life Technologies Corporation, Carlsbad, CA) following the manufacturer's instructions. A negative control without primary antibody was used. For the quantification of the staining, a Leica CTR-Mic microscope coupled to image analysis software (Leica Q500IW, Leica, Weztlar, Germany) was used. Briefly, the image of each gland was converted to grayscale. Then, using the OD function of the software, pixels that fell within a designed threshold were used and counted; as a result, we obtained a mean of gray color. Brown et al. (16) described the complete method.
Parathyroid ex vivo tissue culture
Parathyroid glands were obtained from 3-month-old male Wistar rats (n ϭ 96), with normal renal function, as described (14) . The Laboratory Animal Ethics Committee of the Universidad de Oviedo approved this protocol.
The glands were washed for 8 h in standard medium (17) containing 1.2 mM Ca. After the washing period, the glands were treated for an additional 24 h with the standard medium or with a medium containing 0.6 mM calcium, alone or in combination with different factors. This very same approach has been published in previous studies related to PTH synthesis and secretion (17) . As a result, five groups were obtained: 1) 1.2 mM Ca, 2) 0.6 mM Ca, 3) 0.6 mM Ca plus FGF23 100 ng/ml (2629-FG; R&D Systems Inc., Minneapolis, MN), 4) 0.6 mM Ca plus FGF23 100 ng/ml plus UO126 1 M (UO126, U-120; Sigma Aldrich), and 5) 0.6 mM Ca plus FGF23 100 ng/ml plus a mixture of recombinant dual-specificity phosphatase (Dusp) at 1 l/ml each (AK-020; BIOMOL International for Enzo Life Sciences Inc., Farmingdale, NY). The activity of the Dusp ranged between an interval of 5-90 U/g depending on the specific Dusp. It was assayed by 3-Omethyl fluorescein phosphate (OMFP) hydrolysis at 30 C. The assay conditions were 1 g enzyme per 100 l in 100 mM TrisHCl (pH 8.2), 40 mM NaCl, 1 mM dithiothreitol, 20% glycerol, and 0.5 mM OMFP. One unit was equal to 1 pmol phosphate , and very severe sHPT (Very SEV sHPT) groups; E, representative image of one parathyroid gland from each group. ANOVA P value was Ͻ0.05 for all the parameters. The number of rats used was 25, 15, 10, and nine for very severe, moderate/severe, moderate sHPT, and reference groups, respectively. a, P Ͻ 0.01 compared with reference group; b, P Ͻ 0.05 compared with moderate sHPT group; c, P Ͻ 0.05 compared with moderate sHPT group (Tukey's post hoc analysis).
hydrolyzed from OMFP per minute. Six independent experiments were performed in each group. At the end, 192 parathyroid glands were used and distributed as follows: 1.2 mM Ca group, 32 parathyroid glands (16 rats); 0.6 mM Ca group, 40 parathyroid glands (20 rats); 0.6 mM Ca plus FGF23 group, 40 parathyroid glands (20 rats); 0.6 mM Ca plus FGF23 plus UO126 group, 40 parathyroid glands (20 rats); and 0.6 mM Ca plus FGF23 plus recombinant Dusp group, 40 parathyroid glands (20 rats).
PTH secretion was measured in the culture media at the beginning and at the end of all experiments using an ELISA following the manufacturer's protocol (60-2500; Immutopics).
Statistical analysis
One-way ANOVA with Tukey post hoc analyses were used to compare biochemical parameters among the groups as well as immunohistochemistry quantification, gene expression, and the ex vivo experiment's PTH secretion data. Data are expressed as mean Ϯ SD. Differences were considered significant when P Ͻ 0.05. Calculations were performed using the statistical analysis package SPSS version 12.0 (SPSS Inc., Chicago, IL), dChip, R software and PASW version 17.0 (IBM, Corporation, Armonk, NY).
Results
Effects of HPD in uremic rats
Different degrees of sHPT were induced in uremic rats by feeding with a HPD or NPD for different time periods. In generalterms,alongerexposuretoHPDledtoamoreseveresHPT.
A total of 111 rats were included in the study and we observed different percentages of mortality according to degree of sHPT reaching 50, 40, and 25% in the very severe, moderate-severe, and moderate sHPT groups, respectively. Only rats that survived were analyzed.
Serum PTH, phosphorus, and FGF23 levels were significantly higher in the moderate-severe and very severe sHPT groups compared with the other two groups (Fig. 1,  A, B, and D) . In addition, significantly lower serum calcium levels were observed in the moderate-severe and very severe sHPT groups (Fig. 1C) .
Serum FGF23 levels correlated positively with serum PTH (r ϭ 0.83; P Ͻ 0.01; Fig. 2A ) and with serum phosphorus (r ϭ 0.76; P Ͻ 0.05; Fig. 2B ).
The decrease in renal function was more marked in the very severe sHPT group, which showed significantly higher levels of serum urea and creatinine compared with the moderate and moderate-severe sHPT groups (data not shown). In fact, serum creatinine (r ϭ 0.88; P Ͻ 0.001; Fig.  2C ) and urea (r ϭ 0.77; P Ͻ 0.001; Fig. 2D ) levels positively correlated with serum PTH levels.
Gene expression analyses
In the first step, unsupervised hierarchical clusters (HC) from the microarray data [including all probes (31,099) and the different groups] showed that the very severe sHPT group was the only one segregated from the others (data not shown). By contrast, in the case of mineral metabolism-associated genes, the very severe sHPT group showed a remarkably different pattern of expression and clustered separately from the moderate and moderate-severe sHPT groups (Fig. 3) .
In the second step, using the criteria explained in Materials and Methods, 136 probes were found to be differentially expressed in the very severe vs. moderate sHPT comparison (Table 1) , 32 in the moderate-severe vs. moderate sHPT comparison, and 10 in the very severe vs. moderate-severe sHPT comparison (Supplemental Tables 1  and 2 , published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org).
Overall, a widespread down-regulation of gene expression was observed, involving more than 80% of the genes. Only a minor percentage of genes were up-regulated. Among the latter, the Dusp6 gene showed the highest overexpression in all the comparisons. Dusp5 was also up-regulated in the very severe vs. moderate sHPT comparison.
RT-qPCR experiments confirmed a very high up-regulation of Dusp6 gene expression in very severe sHPT (mean, 43-fold increase relative to the reference group) and also in moderate-severe sHPT (mean, 3.27-fold increase). Dusp5 gene expression also showed a significant 7.09-fold up-regulation in very severe sHPT but not in the moderate and moderate-severe sHPT subgroups.
Microarray analysis did not disclose significant differences in the gene expression of classical parathyroid regulators such as CaSR, VDR, or PTH. This is not a surprising result given that microarray analysis is a screening technology and the strict criteria applied to prevent false positives may have increased the number of false-negative findings or the number of genes below the threshold, including the aforementioned classical genes. In RT-qPCR analyses of the same parathyroid samples, CaSR, VDR, and Klotho gene expression were also significantly reduced in the very severe sHPT group, whereas PTH was progressively up-regulated (Fig. 4) . The difference in Klotho expression between moderate and moderate-severe groups was not statistically significant, and it was under the limit of detection of the qRT-PCR (1.89-fold increase).
Activation of ERK in parathyroid glands
Dusp are protein phosphatases that dephosphorylate a specific MAPK, inhibiting its function. In particular, Dusp5 and Dusp6 specifically dephosphorylate and inactivate pERK1 and -2 (pERK1/2). Therefore, we analyzed the activation of ERK by immunohistochemistry analysis of ERK and pERK1/2 in paraffin-embedded parathyroid tissue. ERK staining was similar in all sHPT groups and the reference group. However, the intensity of pERK staining increased significantly in moderate sHPT when compared with the reference group. Interestingly, pERK decreased as the severity of sHPT increased, and it was significantly reduced in the very severe sHPT group compared with the moderate sHPT group (Fig. 5, A and B) .
Evaluation of the role of Dusp on PTH secretion
To test whether Dusp might have a regulatory effect on parathyroid function, additional experiments were performed using parathyroid glands from normal rats cultured ex vivo. After 24 h in a medium containing 0.6 mM calcium showed the expected significant increase in PTH secretion compared with the glands cultured in a standard medium (1.2 mM calcium). By contrast, when glands were cultured in a medium containing 0.6 mM calcium plus 100 ng/ml FGF23, PTH secretion decreased significantly, down to the levels observed when using the standard medium. The effect of FGF23 on PTH secretion was ablated by the addition of a chemical ERK1/2 inhibitor (UO126, 1 M), and consequently, PTH secretion was restored completely. The effect of FGF23 in PTH secretion was also partially blocked by adding Dusp, which are the biological inhibitors of the phosphorylation of ERK, resulting in a partial but significant restoration of PTH secretion (Fig. 6 ).
Discussion
sHPT, vascular calcification, bone loss, and an increased fracture rate are severe and threatening alterations in general and also in the CKD population at all stages (18) . Elevated serum phosphorus has been described as a major pathogenic player associated with sHPT progression but also to impairment of renal function, vascular calcification, and high risk of mortality; thus, phosphate load challenges the endocrine bone-kidney-parathyroid axis, contributing to the dysregulation of the mineral homeostasis (2, 19 -21) . We observed that the degree of severity of sHPT was proportional to the time of exposure to a HPD (22, 23) . In addition, we also observed that the HPD impaired renal function and increased mortality. As in other studies, we have also found a significant increase of FGF23 levels in all groups (compared with reference), which were higher in more severe sHPT; in fact, a direct correlation between serum FGF23 and PTH was found (24, 25) . Both facts are frequently interpreted as a loss of the capability of FGF23 to inhibit PTH secretion, the resistance-to-FGF23 concept. Furthermore, serum FGF23 and phosphorus levels were also associated. The positive correlation of serum phosphorus with FGF23 and PTH, together with the higher values of these biochemical parameters observed in rats with the lowest renal function, may be indicative of a compensatory phosphaturic response via FGF23 and PTH, which was unable to fully compensate the decreased glomerular phosphate filtration.
To our knowledge, the gene expression microarray analysis shown in this study is the first carried out in parathyroid glands from rats. It clearly revealed that sHPT progression is characterized by a widespread gene expression downregulation, as opposed to the gene expression up-regulation observed in primary hyperparathyroidism (7, 26) . Because the very severe sHPT clustered separately from the moderate-severe and moderate sHPT groups (when the samples were clustered using mineral metabolism-associated genes), we can hypothesize that the more important changes in gene expression took place in advanced stages of sHPT. In addition, our molecular findings are consistent with previous data obtained in patients with severe nodular secondary and tertiary HPT (7) and also with current clinical responses, in whom mainly mild to moderate sHPT, but not the more severe forms of sHPT, are responsive to current therapies targeting the classical regulators. In advanced sHPT, the abnormal control of PTH secretion has been partly attributed to CaSR and VDR down-regulation (8, 23) . We did not find a significant deregulation of these genes using microarrays. It is known that microarray analysis has several limitations such as the underestimation or overestimation of gene expression (27) . As described in Results, we used a very restrictive approach to avoid false positives, including the false discovery rate algorithm, and as a consequence, some of the classical genes known to be deregulated in CKD may have been automatically placed below the threshold. In addition, glands with severe degrees of sHPT show multiple genetic and molecular aberrations (7, 28) , resulting in dramatic expression changes in some genes, which, after normalization, might mask or underestimate the changes in the classical genes. Validation by RT-qPCR, considered a valid method used as a supporting stepwise technique, is a widely accepted approach because it is far more sensitive and capable of detecting minor changes in specific genes. In fact, we did find significant up-regulation in PTH and down-regulation in CaSR, VDR, and Klotho gene expression in the very severe sHPT group when using RT-qPCR. These findings coincide with previous publications, which also have found a degree of down-regulation in the CaSR close to 50% or even less (16, 29, 30) .
In our study, we found that the lack of the inhibitory effect of FGF23 on PTH secretion was associated with a down-regulation of Klotho gene expression. Similar findings were reported by three different previous studies (10, 12, 32) , even though a recent paper described an up-regulation of Klotho in the parathyroid glands of uremic patients with severe sHPT (33) . In addition, results from genetically modified mouse models suggest that FGF23 may be an indirect regulator of the parathyroid function (34) . These controversial results are difficult to conciliate but could be partly explained by the difficulties associated with the quantification and interpretation of Klotho expression and the differences among the animal models used to investigate the role of FGF23 in mineral metabolism (11, 35) .
Interestingly, in all comparisons (and irrespective of the groups compared), the repression of gene expression was the most common finding; only a very few genes were found to be overexpressed. Among them, Dusp6 was the one gene that always showed the highest degree of overexpression as confirmed by RT-qPCR. Dusp constitute a subclass of the protein phosphatase superfamily that dephosphorylates MAPK. Despite that MAPK signaling can be deactivated by changes in location or scaffolding, to our knowledge, the Dusp Family is the unique phosphatase system in charge of the dephosphorylation of MAPK (36) . The members of the Dusp family exhibit high specificity against a single MAPK. A good example of their high specificity is the fact that Dusp6 and Dusp5 dephosphorylate and inactivate pERK1/2 but not other subclasses of MAPK such as c-Jun N-terminal kinase or p38 (37) (38) (39) . The MAPK/ERK pathway is a very complex signaling mechanism that regulates mainly the cell cycle and proliferation (40) . In the parathyroid gland, the MAPK/ERK pathway is activated with the development of sHPT (9, 41, 42) but is also part of the FGF23 intracellular signaling pathway that suppresses PTH secretion. In particular, ERK1/2 is required for FGF23-induced PTH suppression; in addition, ERK1/2 inhibitors prevent this suppression, and ERK inactivation has been recently described in FGF23-refractory parathyroid glands from uremic rats (9, 32) . According to our results, a plausible explanation for the somewhat surprising dynamics of ERK is that in the initial stages of hyperparathyroidism, an increase of ERK phosphorylation (a trigger to start hyperproliferation) can be observed. As hyperparathyroidism progresses to more severe forms, parathyroid cells would increase Dusp gene expression to reduce the high activity of the parathyroid gland through increased ERK phosphorylation as Dusp are expressed at low levels in nonstimulated cells and are induced as response genes in other stages (43) . As a result of this peak of transcription of Dusp, a significant decrease of pERK levels is observed only in the severe stages of parathyroid hyperplasia. Similar mechanisms have been previously described in lung cancer and myocardial cells (44, 45) .
We hypothesize that the mechanisms to counteract excessive parathyroid growth, aiming to decrease MAPK pathway activation, are partly but not only driven by increases in Dusp in this advanced stage but to a lesser extent in previous stages, likely modifying FGF23 signal.
Interestingly, inactivation of ERK by the increased Dusp gene expression may contribute to the fact that FGF23 appears to have little suppressive effect on PTH secretion in severe forms of CKD. Indeed, several studies support that Dusp6 plays a key role as a specific negative-feedback regulator of FGF-activated ERK1/2 signaling (46).
To mechanistically confirm whether Dusp might play a role in FGF23 signaling, we performed additional experiments culturing normal parathyroid glands with FGF23 alone or in combination with UO126 (an ERK inhibitor) and recombinant Dusp. Following previous published results in which the functional capacity of fresh parathyroid glands maintained constant until 4 d (47), normal parathyroid glands were cultured with 0.6 mM calcium to secure PTH stimulation (17, 48) . As expected, low calcium levels increased PTH secretion compared with standard calcium levels, which clearly suppress PTH. FGF23 reduced low calcium-induced PTH secretion in normal glands, to values similar to observed when using 1.2 mM calcium concentration, as previously described (9) . The chemical ERK1/2 inhibitor (UO126) prevented the suppressive effect of FGF23 on PTH secretion, and interestingly, the addition of recombinant Dusp also prevented the FGF23 effect on PTH secretion. These findings strongly suggest that Dusp might regulate FGF23 signaling through MAPK inhibition. The fact that Dusp5 is a target of p53 (31) represents a feasible mechanism by which p53, activated in response to the observed DNA damage (26, 28) might negatively regulate cell-cycle progression by downregulating mitogen-or stress-activated protein kinases. The latter supports the hypothesis that Dusp could be implicated in the counterresponse to severe hyperplasia, likely via p53 activation, having an additional effect that would be the shutdown of FGF23 signaling in the parathyroid glands.
In summary, rats fed with a HPD showed a marked reduction in renal function, severe sHPT, high levels of FGF23, and a higher mortality. Despite that the parathyroid gene expression down-regulation was the predominant finding associated with sHPT, we observed a striking overexpression of Dusp and inactivation of the MAPK/ ERK pathway. The latter might reflect a defensive mechanism triggered to counteract sHPT progression. In addition, the ex vivo results strongly suggest that increases in Dusp could contribute to the parathyroid FGF23 resistance. Altogether, our results allowed us to postulate that the overexpression of Dusp, with the associated inactivation of ERK, might play a regulatory role in parathyroid regulation in sHPT, partially blocking the intracellular FGF23 signaling pathway.
